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regulation of fat intake by fat/fatty acid sensors in the oral cavity may elucidate the mechanisms by which individuals develop preferences for high-fat foods, overconsume dietary fat, and subsequently become obese.
Demonstration of the presence of fatty acid-sensitive receptors and channels on the tongue has increased the significance of the oral cavity in the detection of fatty acids and dietary fat. These fatty acid-sensitive receptors and channels modulate the preference for and intake of fat/fatty acids and are regulated by the consumption of dietary fat (1, 4 -9, 13, 14, 21, 25, 28, 29, 31, 32, 38, 41, 42, 46, 51) . The detection of fatty acids by these mechanisms induces a signaling cascade, activating gustatory nerves, which transmit sensory information to the brain, particularly regions associated with the regulation of food intake and reward (12) . Several types of long-chain polyunsaturated fatty acid (PUFA) G protein-coupled receptors are expressed in rat taste buds, including GPR40 [also known as Ffar1; (5)] and GPR120 [also known as O3FAR1; (5, 28 -30) ]. Although, both receptors are sensitive to PUFAs (i.e., linoleic acid), they are located on different types of taste cells (Type I and Type II, respectively) (5) . Numerous studies have demonstrated the importance of delayed rectifying potassium (DRK) channels in detecting the presence of fatty acids, particularly PUFAs (14, 25) . The most frequently studied fatty acid receptor thus far is CD36. A major function of CD36 is to facilitate the uptake of long-chain fatty acids. CD36 knockout mice exhibit a decreased preference for fatty acids and HFD, decreased cephalic response to fatty acids, decreased food intake, body weight, and body adiposity. These mice are protected from weight gain when eating a HFD (1, 10 -12, 17, 21, 41) . In the mouth, CD36 has been proposed as the taste receptor for dietary fat and/or fatty acids and is primarily expressed on Type II taste cells on the circumvallate papillae of the tongue (12, 21, 29, 42, 51) .
Several studies have been conducted to elucidate differences in the detection of fatty acids in taste receptor cells in animal models that differ in their susceptibility to obesity (15, 16) . These studies utilized obesity-prone Osborne-Mendel rats (OM) and obesity-resistant S5B/Pl rats (S5B). Using patchclamp techniques, Gilbertson et al. (15, 16) demonstrated greater suppression on the potassium current of DRK channels by the PUFA, linoleic acid, in obesity-prone OM rats. S5B rats were more responsive to the presence of linoleic acid than OM rats, even though mRNA expression of one of nine DRK channels was higher in OM rats. The data from these studies indicated that the tongue plays an important role in the response to fatty acids in these obesity-prone and obesity-resistant strains and supports a role for the tongue in the susceptibility of obesity in these animals.
Obesity-prone OM and obesity-resistant S5B rats have been used for many years to study physiological, behavioral, and neurochemical mechanisms that contribute to the individual susceptibility to obesity (2, 27, 34 -40, 44, 45, 48, 49) . The OM rats consistently gain more weight and body fat when consuming a HFD and exhibit greater hyperphagia immediately following the introduction of the HFD, compared with the S5B rats (ϳ50 kcal vs. 15 kcal increase in 24 h) (37) . The effects of various compounds on the intake and preference for a HFD have been examined in these strains, as well as the effects of HFD on alterations in hypothalamic neurochemistry, circulating hormone levels, and intestinal gene expression (2, 19, 22, 26, 37-40, 48, 49) . Recently, Primeaux et al. (38) reported that the consumption of a HFD differentially altered expression of CD36 mRNA on the circumvallate papillae and in duodenal enterocytes of OM and S5B rats. In chow-fed OM and S5B rats, CD36 expression was similar; however, the consumption of a HFD for 3 days and 14 days significantly increased CD36 mRNA levels in obesity-prone OM rats, without altering CD36 mRNA in obesity-resistant S5B rats. These data indicated that CD36 on the tongue was regulated by fat intake in the obesity-prone rats and suggested that this receptor mediated the susceptibility to obesity in these rats by altering their ability to detect dietary fat in the oral cavity.
The majority of studies investigating OM and S5B rats have focused on the response to the adaptation to a HFD, which occurs following the consumption of HFD for at least 14 days (19, 26, 27, (37) (38) (39) (47) (48) (49) (50) . In the current series of experiments, OM and S5B rats were fed a standard chow diet, which allowed for the investigation of innate differences between these two strains on the preference for fatty acid and sucrose solutions, expression of fatty acid receptors on the tongue, and the ability of CD36 on the tongue to modulate the preference for fatty acids. Experiment 1 was conducted to determine whether there were strain differences in the preference threshold for the fatty acid, linoleic acid. On the basis of previous work (15) , it was hypothesized that the obesity-prone OM rats would have a higher preference threshold than the S5B rats. No differences were expected between the two strains on sucrose preference. Our previous work failed to show differences in CD36 mRNA expression on the circumvallate papillae of chow-fed OM and S5B rats (38) . Because our previous work did not investigate GPR40 or GPR120 mRNA or protein levels of these receptors, experiment 2 was designed to investigate the expression of CD36, GPR120, and GPR40 on the circumvallate papillae of OM and S5B rats. The most frequently studied fatty acid receptor is CD36. CD36 has been proposed as the fat taste receptor, and our previous study has reported a HFDinduced increase in CD36 mRNA on the circumvallate papillae of OM rats. Therefore, experiment 3 was conducted to 1) investigate whether RNA interference techniques would successfully reduce the expression of CD36 on the circumvallate papillae and 2) whether reducing CD36 on the circumvallate papillae would alter the detection of a preferred concentration of linoleic acid in OM and S5B rats. It was hypothesized that reducing CD36 expression on the circumvallate papillae would decrease the preference for linoleic acid in these strains.
MATERIALS AND METHODS

Animals.
The male obesity-prone Osborne-Mendel (OM) and obesity-resistant S5B/Pl (S5B) rats (8 -9 wk old) used in these studies were bred in the American Association for Accreditation of Laboratory Animal Care-approved Pennington Biomedical Research Center vivarium. Male Sprague-Dawley rats (Harlan, Indianapolis, IN) (8 -9 wk old) were used in experiment 3A. All rats were individually housed on a 12:12-h light-dark cycle (lights on at 0700) with food (standard chow) and water available ad libitum. All procedures were approved by the Pennington Biomedical Research Center Institutional Animal Care and Use Committee.
Experiment 1A: linoleic acid solution intake and preference in obesity-prone OM and obesity-resistant S5B rats. Experimentally naive OM and S5B rats (9 -10/strain) were given access to two water bottles. Procedures were based on Sclafani et al. (41) . One bottle contained 0.3% Xanthan gum in deionized water, while the other bottle contained varying concentrations of linoleic acid (in 0.3% Xanthan gum and deionized water). The Xanthan gum solution was used to control for differences in texture between the solutions. A single concentration of linoleic acid was presented to each rat for 48 h. Rats were given increasing concentrations of linoleic acid [0.0025, 0.025, 0.25, 0.5, 1.0, 2.0% wt/wt; (41)]. Bottle position was reversed every 24 h to control for side preferences, and the solutions were replaced with fresh solutions. Consumption of the linoleic acid solution and the Xanthan gum solution was measured by weighing each bottle (g). Following 48 h access to the linoleic acid, all rats received deionized water in both bottles for a 48 -72 h washout period. This pattern was repeated until rats had access to all concentrations of linoleic acid being tested. Total intake of the linoleic acid solution was determined, and the preference for each concentration of linoleic acid was calculated {[linoleic acid solution consumed (g)]/[linoleic acid solution consumed (g) ϩ Xanthan gum solution consumed (g)]·100}. A percent intake of 50% is indicative of no preference between the solutions and suggests that the rats do not have a preference or an aversion toward the linoleic acid solution.
Experiment 1B: sucrose solution intake and preference in obesityprone OM and obesity-resistant S5B rats. Experimentally naïve OM and S5B rats (n ϭ 9 -10/strain) were used to assess sucrose preference threshold using a two-bottle paradigm, as described in experiment 1A. A single concentration of sucrose was presented to the rat for 48 h. Rats were given increasing concentrations of sucrose [0.5, 1.0, 2.0, 4.0, 8.0, 16.0% wt/wt (41) ]. Total intake of the sucrose solution was determined and the preference for each concentration of sucrose were calculated {[sucrose solution consumed (g)/sucrose solution consumed (g) ϩ deionized water consumed (g)]·100}. A preference of 50% would be indicative of no preference between the solutions and would suggest that the rats did not have a preference or an aversion for the sucrose solution.
Experiment 2: expression of fatty acid receptors on the circumvallate papillae of obesity-prone OM and obesity-resistant S5B rats. Experimentally naive rats were killed between 0900 and 1100. The circumvallate papillae of the tongue was harvested immediately following death. For this procedure, the tongue was removed, cleaned and the epithelial layer of the tongue, encompassing the circumvallate papillae, was excised using a sterile scalpel blade. Samples were immediately frozen on dry ice and stored at Ϫ80°C until further processing.
RNA isolation and real-time PCR. RNA was isolated from the circumvallate papillae (n ϭ 8 -10/strain) using Tri-Reagent (Molecular Research Center, Cincinnati, OH) and RNeasy Minikit procedures (Qiagen, Valencia, CA) based on a previous experiment (38) . Briefly, the circumvallate papillae were homogenized in Tri-Reagent using a motorized tissue homogenizer, chloroform was added to the lysate, and the mixture was centrifuged (12,000 g) in phase lock tubes to separate RNA. Ethanol (70%) was added to the upper aqueous phase, applied to a filter column, and filtered by centrifugation (8000 g).
Following multiple washes, the samples were subjected to an elution step using RNAase-free water. RT was conducted using the highcapacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA). For RT, 1.0 g of RNA from each sample was added to random primers (10ϫ), dNTP (25ϫ), MultiScribe RT (50 U/l), and RT buffer (10ϫ) and incubated in a thermal cycler (MyCycler thermal cycler, Bio-Rad, Hercules, CA) for 10 min at 27°C, and then for 120 min at 37°C. Primers were designed using Primer Express (Applied Biosystems). The following primers were used for GPR40 (free fatty acid receptor 1, Ffar1): 5=-CCCTGCCCGACTCAGTTTC-3= and 5=-GGCAGCCCACATAGCAGAA-3=; GPR120 (omega-3 fatty acid receptor 1, O3FAR1): 5=-GACCAGGAAATTCCGATTTG-3= and 5=-CTGGTGGCTCTCGGAGTATG-3=; and cyclophilin: 5=-CCCAC-CGTGTTCGACAT-3= and 5=-CTGTCTTTGGAACTTTGTCTGC-3=. For real-time PCR, SYBR Green 2ϫ Master Mix), forward and reverse primers (10 M), and RT product (10 ng) were added to 96-well plates (CFX96 real-time system, Bio-Rad). The cycling parameters consisted of an initial 2-min incubation at 50°C, followed by 10 min at 95°C, then 15 s at 95°C, and a 1-min annealing/extension step at 60°C (40 cycles). The quantity of GPR40 and GPR120 mRNA levels were based on a standard curve and normalized to cyclophilin levels. The specific taste bud marker, ␣-gustducin, was systematically assessed in these studies to validate the purity of the papillae preparation (data not shown).
Protein isolation and Western blot analysis. For protein isolation, samples (n ϭ 5/strain) were incubated on ice in RIPA buffer (SigmaAldrich, St. Louis, MO) containing 1:100 protease inhibitor (SigmaAldrich), and 1:100 phosphatase inhibitor (Sigma-Aldrich). Samples were then homogenized for 30 s or until a smooth suspension resulted. Homogenized samples were centrifuged for 10 min at 14,000 rpm at 4°C. Supernatant was collected and measured for protein concentrations using a BCA protein assay kit (Pierce/Thermo Fisher Scientific, Rockford, IL). For Western blot analysis, equal amounts of protein (25 g) were separated on a 10% Tris-HEPES-SDS premade gel (Pierce/Thermo Fisher Scientific) and were transferred to a PVDF membrane (Amersham, Little Chalfont, Buckinghamshire, UK), as indicated by the manufacturer. The membrane was then blocked in TBS (20 mM Tris-base, 150 mM NaCl, at pH 7.6) containing 5% nonfat dry milk overnight at 4°C. On day 2, the membrane was incubated for 1 h with primary antibody for GPR120 (1:500; Abcam, Cambridge, MA), GPR40 (1:500; Abcam), CD36 (1:500; Abcam), ␤-actin (1:1,000; Abcam), or ␣-gustducin (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) against rabbit in TBS containing 5% nonfat dry milk. The membrane was washed with TBS containing 5% nonfat dry milk and 3 times with TBS containing 0.05% Tween-20 for 15 min. Following washing, the membrane was incubated for 45 min with horseradish peroxidase-conjugated anti-rabbit antiserum (1: 10,000, Abcam). The membrane was washed as described above. Immunoreactivity was visualized using ECL Western blotting detection reagents (Amersham). Images were obtained using exposure to chemiluminescence film (Amersham). Bands were quantified using ImageJ densitometry. The specific taste bud marker ␣-gustducin was systematically assessed in these studies to validate the purity of the circumvallate papillae preparation (data not shown).
Experiment 3A: time course analysis of siRNA silencing of CD36 on the tongue. RNA interference techniques were used to decrease the expression of the fatty acid receptor, CD36. CD36 siRNA was commercially designed and processed for in vivo use (Dharmacon/ Thermo Fisher Scientific, Chicago, IL). Additionally, a nontargeting sequence (siGENOME nontargeting siRNA; Dharmacon) was used as a control. The siRNAs were prepared as suggested by the manufacturer prior to use.
Application of CD36 siRNA. For application of siRNA, experimentally naive rats were anesthetized with isoflurane (1.5-3% in oxygen) between 0900 and 1000. CD36 expression is highest on the circumvallate papillae, and this region was targeted for siRNA application. The fungiform papillae and the foliate papillae exhibit minimal expression of CD36, and, therefore, were excluded from siRNA application. Once anesthetized, the rats were laid on their side, their mouths were opened, and large forceps were placed in their mouths, just behind their teeth to keep the mouth open during siRNA application. While the mouth was open, the head was tilted so that siRNA applied to the caudal one-quarter of the tongue would diffuse toward the back of the tongue and not toward the rostral three-quarters of the tongue. The tongue was gently extended forward until the circumvallate papillae were visualized. The caudal region of the tongue was cleaned and dried with sterile swabs. For application of siRNA, 5 l of siRNA was slowly pipetted onto the most caudal one-quarter region of the tongue in a circular pattern. This ensured that siRNA was applied to the circumvallate papillae and the surrounding region. The mouth remained open for 3-5 min to allow for absorption of the siRNA. Following this procedure, rats were returned to their home cage. This process was repeated for 5 consecutive days at the same time of day. For the time course analysis of siRNA-induced decreases in CD36 expression on the circumvallate papillae, rats were euthanized prior to siRNA application (control condition), day 0 (1500 on last day of siRNA application), day 3, and day 7 following the last application of siRNA.
A separate group of experimentally naive rats was used to determine whether application of CD36 siRNA onto the circumvallate papillae would significantly alter CD36 siRNA expression in the duodenal enterocytes. Expression of CD36 in duodenal enterocytes is high, and alterations in CD36 in this region may affect food intake and fat preference. Rats were anesthetized as mentioned, and CD36 siRNA or a nontargeting control siRNA was applied to the caudal tongue/circumvallate papillae for 5 days. Rats were euthanized on day 0, and the circumvallate papillae were excised. Additionally, duodenal enterocytes were harvested as previously described (38) .
RNA isolation and real-time PCR. RNA was isolated from the excised circumvallate papillae (n ϭ 5-8/time point) and duodenal enterocytes (n ϭ 6 -8) as described in experiment 2. Following RT, real-time PCR was performed as described in experiment 2. The following primers were used for CD36: 5=-GAGGTCCTTACA-CATACAGAGTTCGTT-3= and 5=-ACAGACAGTGAAGGCT-CAAAGATG-3=. The quantity of CD36 receptor mRNA levels were based on a standard curve and normalized to cyclophilin levels.
Protein isolation and Western blot. Protein was isolated from the excised circumvallate papillae (n ϭ 2-5/time point) as described in experiment 2. CD36 antibodies were used to detect changes in CD36 protein expression (1:500; Abcam) on the circumvallate papillae and were normalized to ␤-actin (1:1,000; Abcam). Because of the number of time points, two Western blots were run. Both blots contained a nontreated control group, and values from the time points were compared with their respective control group. The specific taste bud marker, ␣-gustducin (1:500; Santa Cruz Biotechnology) was systematically assessed in this study to validate the purity of the circumvallate papillae preparation (data not shown). Bands were quantified using ImageJ densitometry.
Experiment 3B: effects of decreased circumvallate papillae CD36 expression on linoleic acid and sucrose preference in obesity-prone OM and obesity-resistant S5B rat. CD36 siRNA and nontargeting siRNA were applied to the tongues of experimentally naive OM and S5B rats (n ϭ 8/group), as described in experiment 3A. Beginning 5 h following the last siRNA application, rats were given access to two water bottles. One bottle contained 0.3% Xanthan gum, and one bottle contained linoleic acid in 0.3% Xanthan gum, as described in experiment 1. The concentration of linoleic acid selected for each strain was based on the results from experiment 1, which indicated a difference in the preference threshold for linoleic acid between the two strains. OM and S5B rats were given access to their most preferred concentration of linoleic acid, 1.0% and 0.25%, respectively. A separate group of experimentally naive OM and S5B rats (n ϭ 5/group) were given access to one bottle containing deionized water and one bottle containing 4.0% sucrose in deionized water as described in experi-ment 1. The sucrose preference test was used to assess the specificity of CD36 siRNA on fat preference. As described previously, rats were given continuous access of the two solutions for 24 h, at which time the solutions were weighed, replaced with fresh solutions, and bottle placement was reversed. A percent intake of 50% is indicative of no preference between the solutions. The circumvallate papillae was harvested following the sucrose preference test, and CD36 mRNA levels were assessed by real-time PCR, as described in experiment 3A.
Statistical analyses. In experiment 1A and 1B, a repeated-measures ANOVA was used to determine whether linoleic acid and sucrose preference and intake differed across concentrations for each strain. Two-tailed between-subjects t-tests were used to determine the concentration of linoleic acid or sucrose, which differed from water intake. The Bonferroni correction factor was used to correct for multiple comparisons of preference (P Ͻ 0.0027). In experiment 2, two-tailed between-subjects t-tests were used to compare fatty acid receptor mRNA values and protein values on the circumvallate papillae between OM and S5B rats. In experiment 3A, a one-way ANOVA was used to determine whether CD36 siRNA produced a significant fold-change in CD36 mRNA and protein levels on the circumvallate papillae over time. For post hoc analyses, each time point was compared with the control condition. In the study to determine whether CD36 siRNA reduced CD36 mRNA expression in the duodenal enterocytes, a between-subjects t-test was used to assess differences between the CD36 siRNA condition and the nontargetingcontrol siRNA condition. In experiment 3B, a two-tailed between subjects t-test was used to determine whether CD36 siRNA altered the preference for and intake of linoleic acid or sucrose in OM and S5B rats. A significance level of P Ͻ 0.05 was used for all tests.
RESULTS
Experiment 1A: linoleic acid solution intake and preference in obesity-prone OM and obesity-resistant S5B rats. OM and S5B rats were given 48 h access to a two-bottle choice test with one bottle containing linoleic acid/0.3% Xanthan gum at increasing concentrations and one bottle containing 0.3% Xanthan gum (see Fig. 1A ). Linoleic acid preference differed across concentrations [F(5,65) ϭ 8.03, P Ͻ .001], but not across strains (P Ͼ 0.05). Linoleic acid preference was significantly higher than the preference for the Xanthan gum solution at 0.5%, 1.0%, and 2.0% linoleic acid in the OM rats. In S5B rats, an increase in the preference for linoleic acid was seen at 0.25%, 0.5%, and 1.0% linoleic acid. Linoleic acid intake (g) also differed across concentration [F(5,65) ϭ 3.17, P Ͻ 0.02]. No significant differences between the strains were detected on linoleic acid intake (g). No interactions were detected for linoleic acid preference or linoleic acid intake.
Experiment 1B: sucrose solution intake and preference in obesity-prone OM and obesity-resistant S5B rats. OM and S5B rats were given 48-h access to a two-bottle choice test with one bottle containing sucrose at increasing concentrations and one bottle containing deionized water (see Fig. 1B ). Sucrose preference differed across the concentration [F(5,85) ϭ 32.66, P Ͻ 0.001] but did not differ across strains (P Ͼ 0.05). No interaction was detected. Sucrose preference was significantly higher than water preference at all concentrations in the OM rats. Sucrose preference was not higher than water preference at the lowest concentration (0.5%) in the S5B rats but was significantly higher at all other concentrations of sucrose. A strain difference in sucrose preference was not detected at any concentration. Sucrose intake (g) differed across concentrations [F(5,80) ϭ 105.30, P Ͻ 0.001], but did not differ across strains (P Ͼ 0.05). No interaction was detected.
Experiment 2: expression of fatty acid receptors on the circumvallate papillae of obesity-prone OM and obesity-resistant S5B rats.
Expression of three fatty acid receptors on the circumvallate papillae of OM and S5B rats was assessed using real-time PCR and Western blot analysis. GPR40 mRNA expression and GPR120 mRNA expression on the circumvallate papillae were similar between OM and S5B rats fed a chow diet (see Fig. 2A ). These data are consistent with previous data investigating differences in CD36 mRNA levels on the circumvallate papillae in these two strains (38) . Protein expression of GPR40, GPR120, and CD36 on the circumvallate papillae did not differ between OM and S5B rats (see Fig. 2B ).
Experiment 3A: time course analysis of siRNA silencing of CD36 on the tongue. RNA interference techniques were used to decrease CD36 expression on the circumvallate papillae and a time course analysis of alterations in CD36 expression was conducted. CD36 levels are expressed as a percentage of control levels. Application of CD36 siRNA significantly altered CD36 mRNA levels [F(3,18) ϭ 3.67, P Ͻ 0.05]. CD36 mRNA levels were reduced at the day 0 (0.15 Ϯ 0.07) time point, which coincided with the last day of application of CD36 siRNA (P Ͻ 0.05; see Fig. 3A ). CD36 mRNA was not decreased from control levels at the day 3 or 1 . Intake of and preference for increasing concentrations of linoleic acid and sucrose were assessed in Osborne-Mendel (OM) and obesity-resistant S5B/Pl (S5B) rats. A: obesity-resistant S5B rats exhibited a lower preference threshold for linoleic acid than obesity-prone OM rats (n ϭ 10 rats/strain). B: OM rats exhibited a lower preference threshold for sucrose than S5B rats (n ϭ 9 -10 rats/strain). Data are shown as means Ϯ SE. *P Ͻ 0.0027, water preference vs. linoleic acid preference in S5B; ϩP Ͻ 0.0027, water preference vs. linoleic acid preference in OM.
and 0.50 Ϯ 0.20, respectively). Application of CD36 siRNA significantly altered CD36 protein expression on the circumvallate papillae [F(3,10) ϭ 6.42, P Ͻ 0.02]. CD36 levels were decreased at day 0 and day 3 (0.98 Ϯ 0.16 and 0.96 Ϯ 0.05, respectively) following siRNA application, compared with control levels (1.48 Ϯ 0.02) (P Ͻ 0.05; see Fig. 3B ). Protein expression of CD36 did not differ from control levels at day 7 (0.48 Ϯ 0.04 vs. 0.44 Ϯ 0.09, respectively). CD36 expression was normalized to ␤-actin (Western blot). ␣-Gustducin was used a marker of taste receptor specificity and did not differ between the time points (P Ͼ 0.05). A separate study was conducted to determine whether CD36 siRNA applied to the caudal tongue/ circumvallate papillae significantly altered CD36 mRNA levels in duodenal enterocytes. CD36 mRNA expression was significantly decreased following CD36 siRNA application compared with nontargeting siRNA application on the circumvallate papillae [t(11) ϭ 1.80, P Ͻ 0.02]. However, CD36 mRNA expression in the duodenal enterocytes was not significantly altered by the application of CD36 siRNA on the tongue (P Ͼ 0.05; see Fig. 3C ).
Experiment 3B: effects of decreased circumvallate papillae CD36 expression on linoleic acid and sucrose preference in obesity-prone OM and obesity-resistant S5B rats. The application of CD36 siRNA significantly decreased the preference for a 1.0% linoleic acid solution in obesity-prone OM rats [t(14)ϭ4.62, P Ͻ .001; see Fig. 4A ]. The application of CD36 siRNA to the circumvallate papillae attenuated the preference for 0.25% linoleic acid solution in obesity-resistant S5B rats [t(13) ϭ 2.51, P Ͻ 0.05; see Fig. 4B ]. The amount of 1.0% linoleic acid solution consumed by the OM rats was significantly reduced by application of CD36 siRNA [t(14) ϭ 3.28, P Ͻ 0.01; see Fig. 4C ]; however, CD36 siRNA application did not significantly reduce the consumption of the 0.25% linoleic acid solution by the S5B rats (see Fig. 4D ). Sucrose preference was not affected by application of CD36 siRNA in OM rats (P Ͼ 0.05; see Fig. 4E ) or in S5B rats (P Ͼ 0.05; see Fig. 4F ). Sucrose intake was not affected by the application of CD36 siRNA on the circumvallate papillae in either strain (P Ͼ 0.05, data not shown). CD36 mRNA levels on the circumvallate papillae were assessed following the sucrose preference test. 2 . Expression of three fatty acid receptors was assessed from the circumvallate papillae of OM and S5B rats. A: levels of GPR40 and GPR120 mRNA on the circumvallate papillae of OM and S5B rats did not differ (n ϭ 8 -10 rats/strain). B: protein expression of CD36, GPR120, and GPR40 on the circumvallate papillae of chow-fed OM and S5B rats did not differ (n ϭ 5 rats/strain). Data are shown as means Ϯ SE.
CD36 mRNA levels did not differ significantly between CD36 siRNA and control group values; however, there was a 25-30% decrease in CD36 mRNA levels in the CD36 siRNA-treated group (data not shown). These values coincide with CD36 mRNA expression in the time course experiment (day 3).
DISCUSSION
The consumption of foods high in dietary fat has been associated with increased rates of obesity seen throughout the world. The orosensory detection of dietary fat mediates the cephalic phase response to dietary fat and contributes to the intake of fat. Individual differences in oral fat perception and fat preference thresholds in humans are hypothesized to influence their propensity for developing diet-induced obesity. It may be hypothesized that those people who exhibit a reduced oral fat perception may consume high-fat foods to compensate for a weak signal from the oral cavity, which would lead to the overconsumption of the fatty food, and eventually, obesity (18, 20, 43 ). An alternate hypothesis would suggest that increased sensing of dietary fat via the oral cavity would lead to an increase in fat intake, and subsequent obesity. In the current series of experiments, animal models that differed in their susceptibility to obesity were used to examine the influence of the oral cavity on the preference for the PUFA, linoleic acid. Obesity-prone OM and obesity-resistant S5B rats were fed a standard chow diet, instead of a HFD, to investigate innate differences between these two strains on the preference threshold for linoleic acid and sucrose solutions, expression of fatty acid receptors on the tongue, and the ability of CD36 on the tongue to modulate the preference of linoleic acid and sucrose. On the basis of previous work by Gilbertson et al. (15), we hypothesized that the obesity-prone OM rats would have a higher preference threshold for linoleic acid, as reflected by the necessity for a higher concentration of linoleic acid to produce a preference. We also predicted that the preference for linoleic acid, but not sucrose, in these strains would be regulated by CD36 on circumvallate papillae of the tongue.
In experiment 1A, OM and S5B rats were given 48-h access to increasing concentrations of the PUFA, linoleic acid (0.0025-2.0%), and the control solution (0.3% Xanthan gum). As hypothesized, the obesity-resistant S5B rats had a lower preference threshold for linoleic acid (0.25%) than the obesityprone OM rats (see Fig. 1A ). The OM rats reached their linoleic acid preference threshold at the 0.5% concentration and continued to prefer the linoleic acid solution for the higher concentrations. The S5B rats did not exhibit a preference for linoleic acid at the highest concentration tested (2.0%). Linoleic acid preference data indicated that the S5B rats reach their peak preference at a lower concentration of linoleic acid (78.7% preference, 0.25%), compared with OM rats (76.2% preference, 1.0%). These data suggest that the obesity-prone rats exhibit a different preference threshold for fatty acids, which may indicate a deficit in the oral sensing of fatty acid. However, since linoleic acid was available for 48 h, it is possible that the higher linoleic acid preference threshold in OM rats is due to postingestive effects. Our previous data indicate that CD36 mRNA expression is lower in the duodenal enterocytes of OM rats (38) , which may modulate differences in fat preference in these strains. Experiment 1B assessed differences in sucrose preference and consumption between the OM and S5B rats. OM rats exhibited a lower preference threshold for sucrose than S5B rats and preferred the sucrose solution over the water at the 0.5% concentration (see Fig. 1B ). At the highest concentrations of sucrose presented (4.0%, 8.0%, 16.0%), preferences exceeded 90% for both strains. Although these results are of interest as a possible strain difference affecting the susceptibility to obesity, the current studies focused on fatty acid/fat preference, not sucrose preference. Therefore, future studies should investigate potential differences in sucrose intake and preference in OM and S5B rats and factors that mediate these differences. As predicted, Relative CD36 mRNA values * Fig. 3 . A time course analysis of CD36 expression on the circumvallate papillae was conducted following 5-day application of CD36 siRNA. A: CD36 mRNA expression on the circumvallate papillae was decreased at day 0, which coincided with the last day of CD36 siRNA application (n ϭ 5-8 rats/time point). B: CD36 protein expression on the circumvallate papillae was decreased at day 0 and day 3 following CD36 siRNA application (n ϭ 2-5 rats/time point). C: CD36 mRNA expression on the circumvallate papillae was decreased at day 0 following CD36 siRNA application to the caudal tongue compared with application of nontargeting siRNA. CD36 siRNA application on the tongue did not alter CD36 mRNA expression in the duodenal enterocytes (n ϭ 6 -8/group) Data are shown as means Ϯ SE; *P Ͻ 0.05.
the obesity-prone rats have an innate difference in their preference for linoleic acid. Our data suggest that the obesity-prone OM rats prefer a higher concentration of fat than obesityresistant rats and that at the highest concentration of linoleic acid tested, OM rats maintained their preference, while the S5B rats no longer preferred the linoleic acid. This is in congruence with studies suggesting that people that have a higher threshold for detecting fats may be more likely to overconsume high-fat foods, which increases their risk for developing obesity (18, 20, 43) . To determine whether there were inherent differences in fatty acid receptor expression on the circumvallate papillae that may account for the differences in linoleic acid preference thresholds between the strains, experiment 2 quantified the expression of three fatty acid receptors in OM and S5B rats fed a chow diet. Previous data demonstrated that CD36 mRNA levels did not differ on the circumvallate papillae of OM and S5B rats (38) . In the current experiment, GPR40 mRNA and GPR120 mRNA on the circumvallate papillae were not significantly different between OM and S5B rats (see Fig. 2A ). Using Western blot analysis, we assessed CD36, GPR40, and GPR120 protein expression in chow-fed OM and S5B rats (see Fig. 2B ). As with mRNA expression, significant strain differences between CD36, GPR40, and GPR120 on the circumvallate papillae were not detected. On the basis of these data and previous data (38), we concluded that there were no innate differences in the mRNA or protein expression of these three fatty acid receptors on the circumvallate papillae of OM and S5B rats. These results were somewhat unexpected since previous studies have reported that the preference for linoleic acid is decreased in CD36 knockout mice, GPR40 knockout mice, and GPR120 knockout mice (5, 21, 29, 41) , although these models were whole-organism knockouts. On the basis of the results from experiment 1, we expected the mRNA or protein expression on the circumvallate papillae of at least one of these fatty acid receptors to be reduced in OM rats, which may have accounted for the higher linoleic acid preference threshold. Because these fatty acid receptors are also expressed in other regions, including the duodenum, postingestive effects are likely to play a principal role in the preference for linoleic acid in these strains and in the knockout models.
Since differential expression of CD36, GPR40, or GPR120 was not detected when these strains were fed a standard chow diet, but there was a difference in their preference threshold for . Forty-eight-hour preference for and intake of the most preferred concentration of linoleic acid and sucrose following CD36 siRNA application to the circumvallate papillae was assessed in OM and S5B rats.
A: application of CD36 siRNA attenuated the preference for 1.0% linoleic acid solution in OM rats (n ϭ 8 rats/group). B: application of CD36 siRNA attenuated the preference for the 0.25% linoleic acid solution in S5B rats (n ϭ 8 rats/group). C: application of CD36 siRNA to the circumvallate papillae decreased the intake of the 1.0% linoleic acid solution in OM rats. D: application of CD36 siRNA to the circumvallate papillae did not significantly decrease intake of the 0.25% linoleic acid solution in S5B rats. E: application of CD36 siRNA did not alter 4.0% sucrose preference in OM rats (n ϭ 5 rats/group). F: application of CD36 siRNA did not alter 4.0% sucrose preference in S5B rats (n ϭ 5 rats/group). Data are shown as means Ϯ SE; *P Ͻ 0.05.
linoleic acid, the DRK channels are a another possible mechanism by which sensitivity and preference to linoleic acid are altered (15, 35) . The DRK channels on the tongue have been studied previously in OM and S5B rats, and these studies report that the expression of these channels is differentially regulated in OM and S5B rats. One of nine DRK channels was more highly expressed on the tongues of OM rats, although the S5B rats are more sensitive to the presence of linoleic acid using patch-clamp techniques. Gilbertson et al. (15) hypothesized that the ratio of fatty acid-sensitive to fatty-acid insensitive DRK channels in the OM and S5B rats differed. The OM rats had more fatty-acid insensitive channels compared with fatty-acid-sensitive channels. Other studies have suggested that the different fatty acid receptors play a role in different aspects of the consumption of HFD. Martin et al. (29) reported that both CD36 and GPR120 mRNA expression on the circumvallate papillae display a diurnal rhythm. CD36 mRNA levels are higher prior to the dark cycle, while GPR120 mRNA expression is higher during the dark cycle. Additionally, the consumption of a meal leads to a decrease in the expression of CD36 mRNA levels, and fasting leads to an increase in CD36 mRNA levels (29) . The current study did not assess the effects of meals or diurnal rhythms on the expression of fatty acid receptors. Also, as mentioned earlier, because of the long exposure to the linoleic acid solution (48 h), it is possible that postingestive effects play a large role in the differential preference threshold between the strains. More studies are needed in OM and S5B rats to elucidate the role of fatty acid receptors in the intestine and their role on fatty acid sensing. CD36 is the most frequently studied fatty acid receptor and has been declared a potential fat taste receptor. In experiment 3, RNA interference was used to decrease the expression of CD36 on the tongue and to examine the functional role of CD36 on the tongues of OM and S5B on linoleic acid preference and intake. To our knowledge, this is the first time this technique has been used to successfully decrease both mRNA and protein expression of a gene on the tongue. In experiment 3A, a time course analysis was conducted to determine decreases in CD36 mRNA and CD36 protein expression following CD36 siRNA application. The results indicate that a 5-day application of CD36 siRNA to the caudal region of the tongue decreased CD36 mRNA levels by ϳ65% on day 0, which corresponded to the last day of CD36 siRNA application (see Fig. 3A ). Additionally, CD36 protein expression was decreased by ϳ35% at day 0 and day 3 (see Fig. 3B ), suggesting a more prolonged effect on translation of the receptor. These data provide support for the use of RNA interference techniques for the short-term partial silencing of genes on the tongue of rats. The rate of turnover for taste buds is ϳ10 days (3); therefore, any technique used to experimentally alter expression of genes on the tongue will be transient. A separate study determined that during the peak decrease in siRNA-induced CD36 mRNA expression on the circumvallate papillae (day 0), CD36 mRNA levels in the duodenal enterocytes was not altered. These data suggest CD36 siRNA application to the caudal tongue/circumvallate papillae is region-specific and does not directly affect intestinal expression of CD36.
In experiment 3B, CD36 siRNA or a nontargeting siRNA were applied to the caudal region of the tongue for 5 days in OM and S5B rats. Following the final application of siRNA, rats were given a choice between the concentration of linoleic acid that had the highest preference for each strain (based on experiment 1A) and the control solution. In both OM and S5B rats, CD36 siRNA treatment was able to attenuate the preference for the linoleic acid concentration previously preferred, suggesting that these rats no longer preferred the previously preferred concentration of linoleic acid. (see Fig. 4, A and B) . Additionally, CD36 siRNA application decreased the total amount of linoleic acid solution (g) consumed by the obesityprone OM rats (see Fig. 4C ). The functional specificity of CD36 siRNA was evaluated using a sucrose preference test. CD36 siRNA application did not alter sucrose preference in either strain. Assessment of CD36 mRNA levels on the circumvallate papillae revealed that following the sucrose preference test, there was a 25-30% decrease in CD36 mRNA expression in the group receiving CD36 siRNA. These data are consistent with the time course study. As mentioned, CD36 siRNA application is transient and, therefore, the behavioral effects are expected to be transient, which is a limitation to the current approach. Overall, these data indicate that experimentally reducing CD36 on the caudal region of the tongue significantly decreases the preference for the PUFA, linoleic acid, without altering sucrose preference or altering duodenal expression of CD36, thereby supporting CD36 as an oral fatty acid sensor. In this study, as in experiment 1, rats were given access to the linoleic acid solution for 48 h. CD36 siRNA was able to attenuate the preference for linoleic acid during this long exposure, further highlighting the role of the oral cavity in fat sensing.
Perspectives and Significance
The purpose of the current series of experiments was to examine the influence of the oral cavity on the preference for the PUFA, linoleic acid, in rats, which differed in their susceptibility to obesity. Obesity-prone OM and obesity-resistant S5B rats exhibited a differential preference threshold for linoleic acid. As described in some obese people, a higher concentration of linoleic acid was required to reach the peak preference in obesity-prone rats. The investigation of fatty acid receptor expression on the circumvallate papillae revealed that there were no innate differences in the expression of CD36, GPR40, or GPR120 between these two strains of rats, suggesting that differential expression of DRK channels regulates linoleic acid preference, an unknown/uninvestigated receptor/ channel in the oral cavity, or differential postingestive factors regulates innate linoleic acid preference. The functional role of CD36 on the circumvallate papillae was measured in these models since CD36 has been associated with fat taste. CD36 siRNA application to the circumvallate papillae was able to attenuate the 48-h preference for linoleic acid in both strains. The current data and previous studies indicate that the regulation of fat intake is a complex phenomenon that is influenced by multiple receptors and channels on the tongue. The expression profile of various fatty acid receptors and channels is likely to differ and be responsible for various aspects of fat consumption.
